Abstract: For the recently described serotype 15 of biotype I and serotypes 13 and 14 of biotype II of Actinobacillus pleuropneumoniae, fhuA and hgbA were detected by polymerase chain reaction and DNA sequencing. To determine the substrate specificity of the iron receptors FhuA and HgbA and to study their role in the virulence of A. pleuropneumoniae, we used two isogenic A. pleuropneumoniae serotype 1 deletion mutants of fhuA and hgbA. Different sources of iron and siderophores were tested in growth promotion assays. FhuA and HgbA are specific for their ligands ferrichrome and hemoglobin, respectively. The virulence of the two deletion mutant strains was evaluated in experimental infections using specific pathogen-free piglets. While the fhuA mutant (DG02) was as highly virulent as the parental strain S4074, the virulence of the hgbA mutant (∆hgbA) was reduced. Our data indicate that both FhuA and HgbA are conserved among all serotypes and biotypes of A. pleuropneumoniae and that HgbA, the receptor for porcine hemoglobin, may play a role in virulence.
Iron is an important growth factor for almost all microorganisms. In vertebrates, the concentration of free soluble iron (Fe 3+ ) is 10 -18 mol/L, a concentration much lower than the 10 -8 -10 -6 mol/L required for bacterial growth (Griffiths and Williams 1999) . To acquire iron from their environment, Gram-negative bacteria express iron receptors in their outer membrane (OM), and they may synthesize low molecular weight iron chelators so-called siderophores (Griffiths and Williams 1999) .
Actinobacillus pleuropneumoniae is the etiologic agent of porcine pleuropneumonia, a highly contagious disease that causes major economic losses to the swine industry worldwide (Taylor 1999) . There are 15 serotypes of A. pleuropneumoniae, further divided in two biotypes according to their need for nicotinamide adenine dinucleotide (NAD) (Bossé et al. 2002) . Biotype I strains are NAD dependent (serotypes 1-12, and 15); biotype II strains are NAD independent (serotypes 13 and 14). Serotypes 1, 5, and 7 are most prevalent in North America, whereas serotype 2 is most common in Europe and Japan (Dubreuil et al. 2000) . Under iron-limiting conditions, A. pleuropneumoniae can use porcine transferrin (Gonzalez et al. 1990 ), hemoglobin, and heme compounds (Bélanger et al. 1995; Deneer and Potter 1989) , as well as exogenous siderophores such as ferrichrome (Diarra et al. 1996) . These features strongly imply that A. pleuropneumoniae expresses specific receptors for these different iron sources on their OM (Jacques 2004 ). The present study focuses on two of these iron receptors that were recently described by our group: FhuA and HgbA. The gene fhuA (2088 bp) is part of the fhuCDBA operon; FhuA is an OM protein of 75 kDa that acts as receptor for ferrichrome (Mikael et al. 2002) . The gene hgbA (2885 bp) encodes HgbA, an OM protein of 105 kDa that acts as a receptor for hemoglobin (Srikumar et al. 2004) . Homology modeling of HgbA has revealed regions of potential interactions with hemoglobin and heme . Both fhuA and hgbA were shown to be present in A. pleuropneumoniae serotypes 1-12 of biotype I (Mikael et al. 2002; Srikumar et al. 2004) .
The objectives of the present study were (i) to establish the presence of fhuA and hgbA in A. pleuropneumoniae serotypes 13 and 14 of biotype II and in the newly described serotype 15 of biotype I (Blackall et al. 2002) , (ii) to investigate the substrate specificity of FhuA and HgbA, and (iii) to evaluate the potential role of these OM proteins in virulence.
Presence of fhuA and hgbA in A. pleuropneumoniae serotypes 13, 14, and 15 DNA from serotypes 13, 14, and 15 of A. pleuropneumoniae was extracted by phenol -chloroform -isoamyl alcohol . The presence of fhuA and hgbA among the reference strains of serotypes 13, 14, 15 and field strains of serotype 1 (Table 1) was tested by polymerase chain reaction (PCR) amplification (5 min at 94°C; followed by 30 cycles (each) of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C; and a final elongation at 72°C for 8 min). The set of primers used to amplify fhuA (GenBank acc. No. AF351135; Mikael et al. 2003) was based on the sequence of the mature fhuA gene from A. pleuropneumoniae serotype 1 that yielded a PCR product of approximately 2 kb: AFor (5′-GATGAG GTGTCGGTGGTT-3′) and ARev (5′-TGTGGCATTGAC TTTACG-3′). PCR amplification showed that fhuA is also present in serotypes 13, 14, and 15. To amplify hgbA, we designed primers based on the mature sequence of hgbA (GenBank acc. No. AF468020; Srikumar et al. 2004 ) from A. pleuropneumoniae serotype 1 that yielded a PCR product of approximately 2.7 kb: HgbA5′ (5′-TGCATTGGCACA AGAGCA-3′) and HgbA3′ (5′-AAGTTTCTTCCCGGA GCA-3′). Results from PCR amplification showed that hgbA was also present in serotypes 13, 14, and 15. Therefore, both fhuA and hgbA genes are well conserved among all serotypes of the two biotypes of A. pleuropneumoniae.
The fhuA PCR products from serotypes 13, 14 and 15 were cloned in a pGEM-T Easy (Promega Corp., Madison, Wisconsin) vector and then transformed into Escherichia coli DH5α to compare sequences of fhuA with those previously determined for serotypes 1-12 (Mikael et al. 2003) . After transformation of E. coli strains with postligation products, the transformation mixture was plated on LuriaBertani (Difco Laboratories, Detroit, Michigan) plates supplemented with 0.5 mmol/L IPTG (isopropyl-β-Dthiogalactopyranoside), 80 µg/mL X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside), and 100 µg/mL ampicillin. Plasmids were extracted with Qiaprep spin miniprep kit (QIAGEN). Sequencing was carried out at the Service d'analyse et de synthèse of Université Laval (http://nucleus. rsvs.ulaval.ca). ClustalX algorithm (http://clustalw.genome. ad.jp) was used to align the predicted amino acid residues from the FhuA sequence of the 15 A. pleuropneumoniae serotypes. A dendrogram was constructed ( Fig. 1) showing FhuA divided into two major branches. The first main branch of the dendrogram included serotypes 1, 11, 9, 3, 8, 13, 14, and 15 ; the second main branch encompassed serotypes 2, 4, 7, 5, 10, 12, and 6. As speculated by Mikael et al. (2003) , the relatedness correlated with the serological crossreactivity of serotypes 1, 9, and 11; 3 and 8; and 4 and 7, which is due to structural similarities of the O antigen of each group (Dubreuil et al. 2000) . Perry and collaborators (Perry et al. 2005) have demonstrated that polyclonal rabbit antisera prepared against whole cells of A. pleuropneumoniae serotypes 3, 8, and 15 contain antibodies showing equivalent reactivity with the purified O chain of A. pleuropneumoniae serotypes 3, 8, and 15; an observation that correlates with ours. Dendrogram analysis also showed that fhuA sequences from serotypes 13 and 14 belong to biotype II and are grouped among sequences of biotype I, not on a separate branch.
Substrate specificity of FhuA and HgbA
To investigate the substrate specificity of FhuA and HgbA, we used two isogenic deletion mutants: fhuA mutant DG02 and hgbA mutant ∆ hgbA. Mutant DG02 has a 1015 bp deletion in the 2088 bp coding sequence of fhuA (Mikael et al. 2003) ; ∆ hgbA has a 650 bp deletion in the 2885 bp coding sequence of hgbA (Srikumar et al. 2004) . Growth promotion assays were used to assess the ability of A. pleuropneumoniae serotype 1 parental strain S4074, fhuA mutant DG02, and hgbA mutant ∆ hgbA to use various sources of iron and siderophores for growth. Brain heart infusion (Difco) agar plates supplemented with 15 µg/mL NAD, with or without the iron chelator EDDHA (Sigma; 200 µmol/L), were inoculated with a 100 µL bacterial cell suspension in stationary phase. Five microlitres (each) of different iron sources (at concentrations of 1, 10, 100, and 1000 µg/mL) were dotted on the surface of agar plates to allow growth promotion. Plates were incubated overnight at 37°C in 5% CO 2 . Only iron sources that permitted growth of the reference strain S4074 were tested with mutants DG02 and ∆ hgbA. Growth promotion assays indicated that reference strain S4074 used porcine transferrin, hemoglobin, and hemin, as well as the hydroxamate siderophore ferrichrome and the bis-catechol siderophore ISD-I 207 (Table 2). The growth promotion tests showed that as expected, the fhuA mutant DG02 was unable to use ferrichrome as the sole source of iron and that the hgbA mutant ∆ hgbA was unable to use hemoglobin or hemin as the sole source of iron. All other iron sources that the parent strain S4074 was able to use also promoted the growth of the two mutants (Table 2) . Furthermore, A. pleuropneumoniae S4074 can use ferrichrome but not the hydroxamate siderophore deferoxamine. Thus, the receptors FhuA and HgbA are highly specific for their substrates: ferrichrome for FhuA and hemoglobin for HgbA. Interestingly, the fact that A. pleuropneumoniae can use the catechol ISD-I 207 strongly suggests the presence of another receptor specific for catechol.
Phenotype microarrays
Since fhuA is constitutively expressed in A. pleuropneumoniae (Mikael et al. 2003) and not iron regulated as usually observed (Bochner 2003; Bochner et al. 2001 ). The fhuA mutant DG02 was compared pairwise with the parental wild-type strain. Both strains were pregrown on chocolate agar in 5% CO 2 at 35°C and 15 µg/mL NAD was included in all inoculating fluids. Interestingly, the fhuA mutant only showed defects in the use of 5 of the 280 dipeptides tested as sources of nitrogen: Ala-Glu, Val-Glu, Gln-Glu, Gln-Tyr, and Ser-Gln. Ferrichrome, the siderophore transported by FhuA, is a cyclic hexapeptide composed of three molecules of glycine and three molecules of N-acetyl-N-hydroxyornithine. Although we can speculate that FhuA of A. pleuropneumoniae may also be involved in the transport of specific dipeptides, further experiments will be needed before reaching such a conclusion. It would be interesting to see if these observations are also valid with FhuA receptors found in other Gram-negative bacteria.
Role of FhuA and HgbA in virulence
To evaluate the potential role that the two iron receptors FhuA and HgbA may play in the virulence of A. pleuropneumoniae, we carried out experimental infections on specific pathogen-free (SPF) Large-White piglets using both mutant strains of the pathogen. The use of animals was reviewed and approved by the appropriate Animal Care Review Committee at the institution where the experiments were carried out. Thirteen SPF piglets that were 12 weeks old at the onset of the experiments were reared in a pathogen-free environment. Pigs came from the experimental herd of the French Food Safety Agency (piglets are hysterectomy derived, placed in experimental room level 3 biosecurity). One group of five piglets received the fhuA mutant DG02; one group of four piglets received the hgbA mutant ∆ hgbA; and one group of four piglets, not challenged by bacteria, served as control. The three groups of piglets were housed separately. Actinobacillus pleuropneumoniae bacterial strains were grown on PPLO (pleuropneumonia-like organisms) agar plates supplemented with 1 mg/mL glucose, 10 µg/mL NAD, and 5% horse serum and were incubated for 18 h at 37°C in 5% CO 2 . Piglets were challenged once intranasally with a total of 1 mL (0.5 mL per nostril) of a culture containing 1 × 10 6 CFU/mL. Animals were monitored daily for rise in body temperature and clinical signs: cough, dyspnea, fever, vomiting and exhaustion. Piglets were euthanized 15 days after the inoculation or as soon as severe clinical signs were observed. All pigs were examined thoroughly at necropsy, including evaluation of macroscopic lung lesions and isolation of the inoculated bacteria from the lung and serological analysis. Bacteria were reisolated on PPLO agar plates supplemented with 1 mg/mL glucose, 10 µg/mL NAD and 5% horse serum. The samples originating from nasal cavities were derived from swabs and the tonsils samples came from tissue sections.
Following 72 h postchallenge, two piglets infected with fhuA mutant DG02 died; no mortality was recorded for piglets challenged with mutant ∆hgbA and for noninfected control piglets (Table 3) . As recorded in Table 3 , the body temperature was higher than normal (normal body temperature of an SPF piglet is 39.5°C) for 100% of the piglets infected with fhuA mutant and for 75% of the piglets infected with ∆ hgbA mutant. Fever was also observed for a longer period of time in the group infected with the fhuA mutant DG02. Temperature of control piglets did not rise above normal. Piglets infected with the fhuA mutant DG02 had the most intense clinical symptoms: vomiting, exhaustion, and, particularly, dyspnea. Piglets challenged with the hgbA mutant ∆ hgbA or the control group developed no clinical signs. The average daily gain in total body weight was 150 g for piglets infected with mutant DG02, 547 g for piglets infected with mutant ∆ hgbA, and 769 g for noninfected control piglets, indicating that growth is highly affected in pigs infected with the fhuA mutant DG02. Necropsy was carried out on all piglets. Upon macroscopic examination, lung lesions were observed in 100% of piglets challenged with mutant DG02, and 75% of piglets challenged with mutant ∆ hgbA. The histological analysis showed that lesions observed in piglets challenged with mutant DG02 were more severe than those observed in piglets challenged with mutant ∆ hgbA (data not shown). In piglets challenged with fhuA mutant DG02, (Diarra et al. 1996) . A generous gift of M.J. Miller, University of Notre Dame. c Arterenol bitartrate hydrate; L-arterenol; epinephrine; dopamine hydrochloride; L-DOPA; 2,3-dihydroxybenzoic acid; 2,4-dihydroxybenzoic acid; gentisic acid; protocatechuic acid; DOPAC; DL-isoproterenol hydrochloride; dobutamine hydrochloride; rhodotorulic acid; S-carbidopa; and salicylic acid (Pseudomonas spp.). 100% of the piglets had A. pleuropneumoniae in their lungs, 40% in their nasal cavities, and 60% in their tonsils. In piglets challenged with hgbA mutant ∆ hgbA, 75% of the piglets had A. pleuropneumoniae in their lungs and 50% in their tonsils, but no A. pleuropneumoniae were found in their nasal cavities. No A. pleuropneumoniae were isolated from control piglets. Overall, we observed diminished ability of the hgbA mutant ∆ hgbA to colonize the respiratory tract of infected piglets. Results obtained with the fhuA mutant DG02 are similar to those we have repeatedly obtained with the parental strain S4074 (Rioux et al. 1999 (Rioux et al. , 2000 . Serum antibodies were tested with a Swinecheck ® App 1, 9, 11 kit (Biovet, St-Hyacinthe, Quebec, Canada), which allows the detection of antibodies against A. pleuropneumoniae serotypes 1, 9, and 11. Prior to infection, all the piglets were seronegative as expected. Seroconversion appeared after 1 week in all piglets challenged with both mutants, except for one piglet in the group that received the ∆hgbA mutant. After 2 weeks, all piglets challenged with both fhuA and hgbA mutants were seropositive. These results showed that both DG02 and ∆ hgbA were able to induce symptoms and lesions typical of infection by A. pleuropneumoniae serotype 1. Our results are in agreement with those of Baltes et al. (2003) who showed that fhuA of A. pleuropneumoniae serotype 7 was not required for virulence. However, virulence of the ∆ hgbA mutant is apparently attenuated compared with that of the DG02 mutant and the parental strain S4074 based on the following observations: lower mortality rate, lower fever, less severe clinical signs, fewer lung lesions, average daily gain in body weight similar to control pigs, and a diminished ability to colonize the upper respiratory tract and tonsils. Considering the presence of multiple iron uptake systems in A. pleuropneumoniae, it is not surprising that inactivation of a single iron uptake system is insufficient to confer avirulence to a strain.
Conclusion
In conclusion, this study demonstrates that the iron receptors FhuA and HgbA are well conserved among all serotypes and biotypes of A. pleuropneumoniae and that they are both specific for their cognate substrates, ferrichrome and hemoglobin, respectively. Demonstration of the genes for these two receptors suggests that they play a key role in iron uptake. While A. pleuropneumoniae serotype 1 fhuA mutant DG02 was highly virulent, confirming similar results obtained with a serotype 7 fhuA mutant (Baltes et al. 2003) , the ∆ hgbA mutant strain was attenuated, indicating that HgbA may play a role in the virulence of A. pleuropneumoniae. To further evaluate their roles in virulence, it would be necessary to construct fhuA and hgbA mutants in a background lacking one or more iron uptake systems. Notable is the recent construction of an A. pleuropneumoniae tonB2 mutant in which uptake of iron from hemin, hemoglobin, transferrin, and ferrichrome was abolished, rendering this strain avirulent (Beddek et al. 2004 ). Redundancy of iron transport systems makes it difficult to pinpoint the role of a single system. Because the surface receptors FhuA and HgbA are well conserved across different A. pleuropneumoniae serotypes, they represent potential candidates for the development of a subunit vaccine. Represents area of pneumonic lesion. Scale of 0-28 as described by Madec and Kobisch (1982) . Values represent the mean ± SD.
g Individual values were 8, 10, 12, 12, and 12.
h Individual values were 2, 2, 4, and 5.
i Individual values were 750.0, 637.5, 862.5, and 825.0 g.
j Individual values were 237.5, -25.0, and 237.5 g.
k Individual values were 512.5, 212.5, 612.5, and 850.0 g. 
